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(54) VARIABLE WAVELENGTH SHORT PULSE UQHT GENERATING DEVICE AND METHOD 



(57) An object is to provide a oompad apparatus 
and a method for generating waveiength-tunaUe short 
optical pulses, which apparatus and method can change 
the wavelength of generated pulses without adjustment 
of an optical system and enables generation of ideal 
ierntosecond soliton pulses. 

The apparatus includes a short-optical-pulse 
source (1), an optical charactaristic regulation unit (2) 
for regulating characteristics of light output frum the 



shorl-optical-pulse source (1), and an optical fiber (3) 
for receiving Input pulses from the optical characteristic 
regulation unit (2) and for changing the wavelength of 
output pulses linearty. Short optical pulses are input to 
the optical fiber, so that new soliton pulses are generat- 
ed in the optical fiber due to its nonlinear effect Further, 
the nonlinear ef^ enables the wavelength of the 
soliton pulses to shift iineaily in accordance with the In- 
tensity of Input light 
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Dascripfion 
TECHNICAL RELD 

[0001] The prBsent Invenlion relatBS to an apparatus and method for ganarating wavelength-tunabla short optical 
pulses, and more particulariy to an appaiBtus and method Ibr generating wavelength-tunsdMe short optical pulses on 
the order of femtosecond. 

BACKGROUND ART 

[0002] Until the present, generation of wavelength-tunable femtosecond optical pulses has t)een realized Kyy use of 
a dye laser or a sdid state laser. {However, these lasers are relativety large apparatuses wM^ 
of optical elements. Further, In such lasers, predae acQustment of the optical ayatem must be performed In order to 
adjust the wavelength of generalBd pulses and to realize stable operation. Moreover, the variable range of wavelength 
is only about a few tens of nanornataia, which la not suflflclently wide. 

poem Recently, compact short-pite lasers formed from optical fibers have been lealized. However, as disdo^ 
In Japanese Patent Applicallon Lald-Open (tote/) No. 10-213827, conventional technical developments have attached 
Importance to a manner of obtabilng ahorteroptical pulses ata higher intendty and have failed to change the wavelength 
of output optical pulses. 

[0004] P. Beaud et el, found that when short optical pulses are input to an optical fiber, new optical pulses ere gen- 
erated on the longer wavelength side [IEEE J. Quantum Eiedron., QE-23, p1938 (1887)}. 

DISCLOSURE OF THE INVENTION 

POOS] However, the paper of P. Beaud ^ a/, does not discuss the possibility of changing the wavelength of optical 
pulses. Further, since the authors used an ordinary liber which is not a polarfzatlon-malntalning type, the output varied 
with time, and the obtained apectnjm did not have a neat shape. Moreover, the efflctency of conversion torn Input 
energy to newly generated optical pulsaa was aa low as about 45%, which Is unsattsfBdory 
[OOOq Recently, parametric conversion using a nonlinear crystal has received a great deal of attention as a technique 
far oonveislon of mvelengtfi of Dght However, this method requires a very high pump light Intensity. Further, dnce 
QfOcal elements such m a cryatai and nrdrrors must be adjusted In order to change the waveienglh, handling of the 
apparatus Is not easy. 

[0007] An obfed of the present Invention is to sohre the ebove-dascribed problem and to provide a compact apparatus 
and a method for genereflng wavelength^unable short optical pulses, which apparatus and method can change the 
wavelength of generated pulses without adjustment of an optical system and enables generation of ideal femtosecond 
sol ton pulses. 

[0008] To achieve the above object, the present Invention provides the IbOowtng. 

[1] An apparatusfor generating wavelength^unabla short optical pulses, the apparatus comprising: a short-opfical- 
puise source; an optical charactaitotic regulation unit fbr regulating characteristica of light output from the short- 
opficai-pulse source; and an optical fiber fbr receiving Input pulses lirom the optical characteristic regulation unit 
and for changing the wavelength of output pulses linaariy 

[2|An apparatus fbr generating wavelengttvtunable short optical pulses as described in [1] above, wherein the 
optical characteristic regulation unit is a light intensity regulation unit. 

[3] An apparatus fbr generating wavelength-turable short optical pulses aa described in [1] above, wherein the 
short-optical-pulse source is a femtosecond fiber laser. 

[4] An apparatus fbr generating wavelength-tunable short optical pulses as described in [1] above, wherein the 
shoft-optical-pulse soun:» Is a picosecond fiber laser. 

[51 An apparatus fbr generating wavelength-tunable short optical pulses aa described In [1] above, wherein the 
optical fiber Is a polarization-maintaining fiber. 

[6] An apparatus for generating wavelength-tunable short optical pulses as described in [1] above, further com- 
prising a nonlinear ciyslal connected to the optical fiber in order to generate short optical pulses of a deferent 
wavelength. 

[7]An apparatus for generating wavelengttv-tunabia short optical pulses as described In [1] above, fUrther compris- 
ing four-wave mbdng means for farther converting the wavelength of generated optical pulses. 
[0] An apparatus for generating wavelength-tunable short optical pulses as described In [1] above, further com- 
prising an optical amplifier for ampDfyIng optical pulses generated by tiie optical fiber. 
niAn apparatus for generating wavelength-tunable short optical pidses as described In [1] above, wherein the 
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output pulses GTB tdsei soliton puisas. 

[10] An apparatus for genarattno wavelength-tunable short optical pulsas.aB descrilied in [2].above. further oom- 
prisino means for eledricaBy adjustinglha light intensity regulatkm unK In order to oontrol the wavelength of gen- 
erated optical pulses. 

[11] An apparatus for genemUng waveiength-1unat>le short optlcal-putse8,'the apparatus oomprtsing: a short-optl- 
cal-pulse source; a light Intensity ragulatton unit for regulating'the Menstty of Dght output from the short-opticaJ- 
pulse source; and an optlcat fit)er tier reoehrfng Input pulses from the light Intensity rsgidatlon unit and for changing 
the wavelength of output pulses Itnsarty, whensln the short-optical-putsa source, the l^m intensity regulation unit, 
and the optical1tt)er are a8semt)led In the form of a portable apparatus. 

[12]An apparatus for generBtlng wavelength-tunable short optical pulses as described in [11] above, wherein the 
short-optical-pulse source Is a femtosecond fiber laser. 

[13] An apparatus for generating wavelength-tunable short optical pulses as described In [11] above, wherein the 
short-optical-pulse source Is a plcraecond fiber laser. 

[14] A method for generating wavelengtMjnable short qjlical pulses, the method comprising: regu^ng the in- 
tensity of light frT>m a short-optical-pulae source; and inputting short pulses info an optical fiber in order fo generate 
output pulses having a llneariy varied wavelength. 

[iq A method for generating wavelengtMunabie short optical pulses aa described in [14] above, wherein the 

wavelength of generated output pulsea Is changed through a change in the length of the opHcal fiber. 

[ie]A method for generating wavelength4unabie ahort optical pulses es described in [14] above, wherein the output 

pulses are passed through e nonDnear crystd In order to generate short optical pulses of a dHfersnt wavelength. 

[17] A method for generating wavelengtivtunabia short optical putees as described In [14] ebove, wherein the 

wavelength of generated optical pulses is further converted by means of four-wave mixing. 

[18] A method for generating wavelength-tunable short optical pulses as described In [14] above, wherein optical 

pulses generated by the optical fiber are an^Iified by use of an optical amplifier. 

[19] A method for generating wavelength-tunable short optical pulses as described In [14] above, wherein ideal 
soltton pulses are generated as the output pulses. 

[20] A method for generating wavelength^unable short optical pulses as described In [14] above, wherein the light 
intensity regulation unit is acgusted electricaOy in order to control the wavelength of generated optical pulses. 
P1] A method for generatfog wavetength-toable short optical pulses as described In [14] above, wherein the pulse 
width, spectral width, and center wavelength of the soliton putees are varied through changing the wavefonn and 
spectral width of the Input pulses. 

[22] A method for generating wavelength^nable short optical pulses as described in [14] above, wherein the 
wavelength and spectrum of thesoHfon pulses are varied through changing the direction of polarization of the Input 
pulses. 

[23] A method for generating waveier^-tunable short optical pulses as described in [14] above, wherein in addition 
to soDton pulses generated on the longer wavelength side, anti-StDkes pulses are generated on the shorter wave- 
length side as the output pulses. 

BRIEF DESCFUPTION OF THE DiRAWINGS 
[0009] 

RG. 1 is a schematic (fiagram of a wavelengtMunable short optical pulse generation apparatus aocording to a 
first embodiment of the present invention; 

RG. 2 is a schematic diagram of a wavelength-tunable femtosecond soUton pulse generation apparatus according 
to a second embodiment of the present invention; 

FIG. 3 is a greph relating to the second embodiment and showing results of measuring a spectrum of soliton pulses 
at the output of an optical fiber; 

FIG. 4 is a graph relating to the second embodiment and showing variation in the center wavelength of a spectmm 
of soliton pulses with the Intensity of light input to the optical fiber; 

RG. 5 Is e graph relating to the second embodiment end showing the relationship among optical fiber length, 
spectrel width, end pulse width; 

RG . 6 Is a graph relating to the second embodiment and showing the relationship between fiber length and wave- 
length shift; 

RG. 7 is a schematic (flagram of a wavelength-tunable fiemtoseoond soKton pidse generation apparatus according 
to a third emtsodlment of the present invention; 

RG . 8 Is a graph showing the dependency on input Dght intensity of the center wavelength of the second hamionic 
generated by the wavelength-tunable femtosecond soliton pulse generation apparatus according to the third em- 
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bo(fini8nt of the prosont tnvenfion; 

RG . 9 is a schemsfic dtogrem of a wide-band famtosacond-eoIHon-puiae generation apparatus which effiBcta wave- 
length conversion thnnioh fbuMwave mbdng.^showfng a fourth embodiment of Ihe present Invention; 
RG. 1 0 ts a giBph«howlng the relationshk) betNveen the wavelangths and the firequendes of pump Dght, a sditon 
pule, and an optical pube generated through the four-wave mlxtng shown In RG. 9; 

RG.H IsasohematlcdasrBmofawavelength-tunablefBmtDseoond soliton pulse genemtlonappamtusaoooniing 
to a fifth embodiment of the present Invention, which utilizes a smaiMfiametar polaitzation-maintalning opttcal fiber; 
RG. 12 Is a graph relatlrtg to the fifth enfibodlmenl and ahowing the spectrum 
convefslon; 

RG. 13 IsaschemailcdlagrBm of a wavelength-tunable femtosecond soiiton pulse generation apparatus aoooniing 
to a sixth embodiment of the present Invention. wHch is provided with a wavelength controlier; and 
RG . 14 Is a schematic diagram of a wavelength-tunable femtosecond soiiton pulse generation apparatus aocordbig 
to a seventh emtKxllment of the preserrt Invention, which is provided with a wavelength controller. 

BEST MODE FOR CARRYING OUT THE INVENTION 

poiq Embodiments of the present Invention will now described In detail. 
10011] First, a first embodiment ofthe present Invention wUI be described. 

PI012] RG. lis a schematic diagram of a wavelength-binable short optical pulse generation apparatus according 
to the first embodiment of the present invention. 

[0013] In RG. 1, reference numeral 1 denotes s short-optical-pulse source; 2 denotes an optical characteristic reg- 
ulation unit for regulating the characteristics of light output frem the short-opticai-putse source 1; 3 denotes an optical 
fiber tor receiving Input pulses th)m the optical characteristic regulation unit 2 and tor changing the wavelength of output 
pulses lineariy; reference character R denotes a pump pulse; and S denotes a soDton pulse. 
^014] As shown in RG. 1, the compact short-optical-pulse souroe (fiber laser) 1 capable of stably generating fem- 
tosecond optical pulses Is used as a pump light source (short-optlea^pulae source). The optical pulse output from the 
short-opticai-puise source 1 1s passed through the optical charBcteristlc regulation unit 2, so the optical pulse Is regu- 
lated to have dBslred optical characteriatiGS. Subsequently, the optical pulse ia Input to the optical fiber 3. When the 
optical fiber 3 is sufficiently long end the intensity of Input Dght is sufficiently high, e newoptical pulse is generated on 
the longer wavelength side with respect to the Input pulse, due to stimulated Raman scattering, 
poiq Due to aelf-phase modulation and sditon effect, which Is the interactton of wavelength dispersion, the new 
optical pulse gradually becomes an Ideal soiiton pulse S whose pulse and spectral waveforms assume a sech^ shape. 
As the soiiton pulse S propegates along the optical fiber 3, the center of the spectnim of the soiiton pulse S rfiifls 
toward the longer wavelength side, due to the Raman scattering effect This effect is called •soiiton self frequency shift. 
" Since the degree of frequency ^Ift changes depending on the length of the optical fiber 3 and the Intensity of the 
input optical pulse, the degree of frequency sWft can be acQusted through changing the length of the optical fibers and 
the intensity of the input optical pube. Particularty. the degree of frequency shift can be changed lineariy through 
changing the Intensity of the Input optical pulse. 

[0016] Next, there will be described a second embodiment in which the above-described wavelength-tunable short 
opticai pulse generation apparatus Is rendered more concrete. 

[0017] RG. 2 ia a achematic diagram of a wnvetength-tunable ffsmtosecond sditon pulse generation apparatus ac- 
condlng to the second embocfiment of the present invention. 

[0018] In FIG. 2. reference numeral 11 denotes a femtosecond fiber laser; 12 denotes a light intensity regulation unit 
for regutsting the intensity of light output from the fiber laser 11 ; and 13 denotes a poiartiatlon maintaining opticai fiber 
for receiving Input pulses from the light Intensity regulation unit and for changing the wav^ength of output pulses 
lineariy Reference numeral 14 denotes an optical spectaim analyzer, 15 denotes a pulse-wfdth measurement unit; 
and 16 denotes en optical power meter. These are used to measure output pulses and do not serve as structural 
etemente of the present Invention. 

[0019] The compact femtosecond fiber laser 11 capable of stably generating femtosecond opticai pulses is used as 
a pump light source. TTie optical pulse output from the femtosecond fiber laser 11 Is passed through the Dght intensity 
regulation unit 12. so that the opticai pulse is regulated to have e desired Intensity. Subsequently, the optical pulse is 
input to the poiarization-maintaining optical fiber 13. The direction of pdarizafion of the Input light Is made paiallel to 
the binefringent axis of the poterization-maintaining optical fiber 13. When the opflGal fiber 13 Is suffidentiy long and 
the intensity oflnput light Is sufficiently high, a newoptical pulse is generated on the longer wavelength side with respect 
to the input pulse, due to stimulated Raman scattering. 

[002q Due to sditon efiiect. which is the interaction of self-phase modulation and wavelength dispersion, the new 
optical pulse gradually becomes an ideal sditon pulse S whose pulse and spectral waveforms assume a sech^ shape. 
As the aoliton pulse S propagates along the opticai fiber 13, the center of the spectrum of the sditon pulse S shifts 
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'toward tha longer wavBtength side due to the Rarran ecattering effect TNs effiBct Is called *teliton self frequency shKI. 
" Since the degiee of frequency i^ffl changes depending on the length of the oprtical fiber 13 and tha intensity of the 
Input optical pulsa. the degree of frequeray shin can be adjusted through changing the length of the optical fiber 13 
and the Intensity of the Input opttcal piise. Particulafty, the degree of fluency shift can be changed iinaarty through 
changing the Intensity of the Input optical pulse. 

10021] The femtosecond fiber taser ll used In the present embedment has the following spedficafions. 
(1) Mectianlcal specifications: 



Size 


Laser ttsem 1 62 x 101 x 57 mm 




Controller 249 x 305 x 72 mm 


Weight 


Laser Itself: 3.0 kg 




Contro!len2^kg 



(2) Electrtcat specifications: 

Power consumption (100 V, 0^ A^: 14 W (avenge). 22 W (maximum} 

(3) Optical spedflcatlons: 

Center wavelength: 1559 nm 
Pulse width: 190 - 760 Is (variable} 

(used at 180 fs in the experiment) 
Recuirenoe frequency: 48.9 MHz 
Average output 11.1 mw (at 760 fa>^.1 mW (at 180 fe) 

(used at 36.1 mW In the experiment) 
Durability: Life of semiconductor laser. 2 years (repiaceable) 

[0022] The fiber used In the experiment has the Ibtlowing specifications. 
Core diameter 5.5 ± 0.5 }im 

Optical loss: 2.6 dB/km (for Oght of 1550 nm wavelength) 
Length: 110 m. 75 m, 40m 

pozac] RG. 3 is a greph relating to the second embodiment and showing results of measuring a spectnim of sofiton 
pulses at the output of an optical fiber. In the measurement, opflcal pulses of 6.1 mWwere Input to a75 m optical fiber, 
andthespectnjmofgenereted soliton pulses was meesured. 

[P024] As shown in FIG. 3, the spednjm of the pump pulse R Input to tha optical fiber appears In the vicinity of 1558 
nm. The spectmm of the aoDton pulse S appeare In the vldnlty of 1650 nm, which is greatly shifted toward the longer 
wavelength side from the wavelength of 1558 nm. Further, as Is understood finom FIG. 3, the trace of the spectrum 
assumes a neat sech^ shape. TTie spectnim width Is about 16 nm, and the pulse width Is 1 80 fs. Further, even when 
the Intensity of the input light was increased to thereby shift the spednjm, the neat sech^eped trace of the speotrum 
was maintained. 

[0025] RG. 4 is a graph relating to the second embodiment and showing, for each of 40 m, 75 m, and 110 m optical 
fibers, variation in the center wavelength of a spectnim of soGton pulses with the Intensity of Dght input to the optical fiber. 
[002q When the Intensity of the input light is rendered graatar than 2 mW, the center wavelength of the aoDton pulse 
Increases lineariy. The rate of shift of wavelength Increases with fiber length. A maximum spectnim shift of about 150 
run (center wavelength: 1710 nm) was observed in the case of the 110 mfiberand in the case of the 75 m fiber. Further, 
through an increase In the intensity of ttie Input Oght and an Increase in the fiber length, the wavelength of the soliton 
pulse can be shifted up to about 2 |im. 

[00Z7] As Is understood from the above description for the wavelength-tunable femtoseoond soliton pulse generation 
apparatus (see FIG. 2), since the apparetus consists of a compact fiber laser and an optical fiber having a length of a 
few tens to a few hundreds of metere, the overall apparatus is very compact and portable. That Is, thrxjugh Integration 
of the optical fiber wfth the fiber laser, a portable optical pulse generator can be realized. Further, tite wavelength of 
the soliton pulse can be varied lineariy through a simple operation of changing the Input Dght intensity. 
[0028] RG. 5 b a greph relating to the second embodiment and showing the relationship among optical liber length, 
spectral width, and pulse width. 

[0029] As Is apparent from FIG. 6, there Is observed a trend such that as the optical fiber length increases, the pulse 
width decraases and the pulse width increases. Whan the optical fiber length Is varied within the range of 40 to 110 
m, the spectral width changes from 15to 18 nm, and the pulse width changes from 155 to 195 fe. Therefore, the pulse 
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width and spediel width of the Boliton pulse can varied thrDugh changing the iength of the optical fit»r used in the 
wavelength-tunable short optlcat pulse generation apparetus (see FIG. 2). 

lOOSq nc. 6 Is a gmph relating to the second embodiment and showing the retationsNp between fiber iength and 
wavelength shift 

[0031] As Is apparent from FIG. 6, the degree of shift in wavelength increases monotonously as the optica] fiber 
length inoeases. This is because the wavelength shifts toward the longer wavelength side at an increa^ng rate, due 
to sollton self frequency shift as the optical ptdse propagates along the optical fiber. As described ebove, the wavelength 
of the sollton puise can be varied through changing the length of the optical fiber. 
[0032] Next a third emtxufiment of the present invention will be described. 

[0033] RG. 7 is a schematic diagram of a wavelength-tunable lismtosecond soliton pulse generation appaiatus ec* 
cording to tto third embodment of the present hvention. Components which are the same as those in RG. 2 are 
denoted by the same reference numerels, and repetition of their descriptions is omitted. 

[0034] There wDI now be described an experiment In which the output light of the wavelengttv-tunable femtosecond 
sollton puise generation apparatus described in the second embodiment Is passed through a nonlinear crystal 21 to 
thereby generate a second harmonic short pulse D of the sollton pulse. 

[0035] Since the optical pulse ganemted at the wavelength-tunable femtosecond soliton putee generation apparatus 
has a peak power of a few hundreds of W. as shown In FIG. 7. the second harmonic short pulse D can be generated 
through use of the nonlinear crystal 21. When output light from the polarization maintaining optica) fiber 13 Is input to 
the nonlinear crystal 21 such as a KVP and the angie of the cryslBl is property adjustedp short optical pulses having a 
wavelength of 760 to 1000 nm cen be generated from soliton pulses S having a wavelength of 1550 to 2000 nra Upon 
changing the wavelength of the soOton pulse S. the wavelength of the second harmonic pulse D can be changed 
accordingly. 

[0038] RG.8lsagFBph8hawing,foreachofthe40rn,75m,and110mopticaiflbers,thedependencyontnp^ 
intensity of the oenter wavelength of the second hamionlc puise generated by the wavelength^abie fsmtosecond 
soiiton puise generation apparatus aocording Id the third embodiment of the pnssent Invention. 
[0037] Since the wavelength of the soliton pulse varies Oneariy through changing the input Oght Intensity, the wave- 
length of the second harmonic short pulse shifts itneariy. The greater the input light intensity, the greater the rate of 
shift, and the greater the opHcai fiber length, the greater the rate of shift. 
[0038] Next, e fourth embodiment of the present invention will be described. 

[0038] RG. 9 is e schematic diagram of a wide-band femtosecond-soliton-pulse generation apparatus which effiscis 
wavelength conversion through four-wave mbdng, showing the fourth embodiment of the present invention. 
[0040] As shown in RG. 9, In addition to pump pulses from the light Intensity regulation unit 12, pump laser light 
output from a pump semiconductor ieser (pump LD) 31 and having a difTererrt wavelength is Input to an optical fiber 
33 via B coupler 32. which essumes the form of. for example, a fiber coupler. 

[0041] Aa described above, each pump pulse R causes generation of a sollton pulse S on the longer wavelength 
side. This soDton pulse S and the pump laser light output from the pump laser (femtosecond fiber laser) 11 undergo 
fbur-wave mbdng, so that a new optical pulse Is generated at a frequency equal to the dtfTerence between tiie flrequency 
of the sollton puise S and that of the pump laser light, es well as at afrequency equal to the sum of the frequency of 
the sollton pulse S and that of the pump laser light. Optical pulses can be generated within the renge of. for example, 
1230 to 1550 nm titrough changing the wavelengtiis of the soUton pulse and the pump laser light 
IP04q FIG. 1 0 is a graph showing the relationship between ti>e wavelengths and the fi^uendes of the pump l^ht, 
the soiiton pulse, and the optical puise generated through the four-wave mixing. 

[004^ In the fbur-wave mixing, due to interaction of ttie light from the pump LD 31 and the soiiton pulse, a new 
optical pulse is generated on both the shorter ¥ravelengtti side and the longer waveiengtti side. When the frequency 
of the light from tiie pump LD 31 Is represented by odO and the frequency of tire sollton pulse is represented by a>1 . the 
frequencies of Uie generated optical pulses can be represented by 2cd0 - cdI and 2a)1 - aO, respectively. Since the 
efficiency of oonver^n to the longer wavelength side is expected to be low due to the characteristics of the optical 
fiber, attention Is paid to the opticel pulse generated on tiie shorter wavelength side. 

P044] Since the wavelength of the soliton pulse S can be varied within the range of 1580 to 2000 nm, when the 
wsvelengtti of the light from the pump LD 31 Is set to 1550 nm, the wavelength of the shorter wavelength pulse T 
generated on the shorter wavelength side can be varied within the range of 1230 to 1540 nm. Since the wavelength 
of the sollton pulse S varies lineariy wHh the intensity of input light, the wavelength of the output pulse obtained from 
four-^wave mbdng also varies linearly. Accordingly, the wavelength of tiie output pulse can be varied by tiie input light 
Intensity. 

[0045] Next, a fifth embodiment of the present invention will be described. 

[0048] RG. 11 is a schematic diagram of a wavelength-tunable femtosecond soGton puise generation epparstus 
aocording to the fifth embodiment of the present Invention, which utilizes en opticel fiber. 

[0047] In RG. 11 , reference numeral 41 denotes a femtosecond fiber laser; 42 denotes a Oght intensity regulation 
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unit ioT regulatino the Intensity of light output fiom the liber laseMI ;.and 43 denotes an optical fiber Ibr receiving input 
pulses from the light Intensity regulation unit 42:and for changing the wavelength of output pulsas linearly. Reference 
character R denotes a pump pulse; S denotes a soIKon pulsa (a Stokes pulse); wd H <tenotes an antl-Stokss pulse. 
I004q in the present Inventlonp 88 shown in RG. 12, the anU-Stokes pulse Hts generated on the shorter wavelength 

s side, in addition to the aonton pulsa S which is generated on the longer wavelength side as in the wavelength-tunable 
femtosecond soliton pulse generation apparatus according to the second embodiment The wavelength of the anti- 
Stokes pulse H shifts toward the shorter wavelength side, which Is contrary to the case of the soliton pulse S. When 
the waveisngthoflhesoflton pulse shifts 1h)m 1660 nm to 2000 nm, the wavelength of the antl-Stokes pulse Hshifte 
from 1560 nm to 1280 nm. Combined use of the soDton pulse S and the anU-Stokes pulse H enables realization of an 

10 opUcal pulse source capable of generating wavelength-tunable optical pulses within a wide range of 1280 to 2000 nm. 
[0048] Next a sbeth embodiment of the prssent Invention wlD be described. 

[0050] RG. 13 Is B schematic diagram of a wavelength-tunable femtosecond soliton pulse generation apparatus 

according to the sbdh embodiment of the present Invention, which Is provided with a wavelength oontrollei: 

[0051] In RO. 13, reference numeral 61 denotes a femtosecond fiber lasen 62 denotes a Dght intensity regulation 

IS unit for regulating the Intensity of light output from the fiber laser 51 ; 53 denotes an optical branching unit; 54 denotes 
B light rsoeptlon unit 55 denotes a controllen and 56 denotes e polariiatlon-malntalning opUcal fiber for recehring Input 
pulsesfhsm the optical branching unit 63 and for changing the wavelength of output pulses Dnearty. F^ferenoe character 
R denotas a pump putee; and S denotes a soliton pulse (Stokes pulse). Reference numeral 14 denotes an optical 
spectnim analyzen 1 6 denotes a pulse-width measurement unit; and 16 denotes an optica) power meter. These are 

20 used to measure output pulm and do not serve as structural elements of the present invention. 

[0052] The present embodiment Is a modification of the wavelength-tunable femtosecond soliton pulse generation 
apparatus of the second embodiment (see FIG. 2). The optical branching unit 63 branches a portion of output light 
output from the light Intensity regulation unit 52 In order to enable the light reoeptton unit 54 to monitor the intensity of 
the output light, on the basis of whteh the controller 55 adjusts the amount of tranmltted light to a desired level to 

25 therebystabiyoonbol the wavelength of the pulse output from the fiber 56. 
[0053] Next, a seven embodiment of the present Inventton will be described. 

[OOsq RG. 14 is a achemaHc diagram of a wavelength-tunable femtosecond soliton pulse generation apparatus 
according to the seventh ennbodlment of the present invention, whteh is prevkled with a wavelength controller. 
[0055] In RG. 14, reference numeral 61 denotes a femtosecond fiber lasen 52 denotes a Oght intensity regulation 

30 unit for regulating the Intensity of light output from the fiber laser 81 ; 63 denotes an optical branching unit; 64 denotes 
a light reception unit; 65 denotes a controller; denotes an escalator; and 67 denotes a polarizatton-maintalnlng 
optical fiber for receiving input pulses from the optical branching unit 63 and for chan^ng the wavelength of output 
pulses linearly, f^efsrenca character R denotes a pump pulse; and S denotes e soliton pulse (Stokes putee). Reference 
numeral 14 denotes an opttoal spectrum analyzer; 15 denotes e pidse^dth measurement unit; and 16 denotes an 

3S optical power meter. These are used to measure output pulses and do not serve as structural elements of the present 
Invention. 

[0056] The present embodiment is a modificaUon of flie wavelength-tunable femtosecond soliton pulse generatkm 
apparatus of the second embodiment (see RG. 2). The wavelength of the soliton pulse S can be changed periodically 
through modulating operatkm ofthe light infensi^ regulatton unit 52 at an arbibary frequency. The modulation operation 
40 ofthe light fritenslly regulatton urdt 82 enables realization of a soUton pulse generator having a waveiengtii scan function. 
[0057] Next, an eighth embodiment of the present invention wni be described. 

[0058] In the eighth enibodiment, the wavelength-tmebfe femtosecond soDton pulse generation apparatus of the 
second emtxidiment (see RG. 2) is modified such that the pulse and spectral widths of the optical pulse output from 
the femtosecond fiber laser can be aiQi^ed in order to vary the pulse and spectral widths of the generated soliton 
45 pulse. A putee having a narrow spectral width b important In measurement In which wavelength separation Is reqidred. 
[0059] Next, a ninth embodiment of the present Invention will be described. 

[0080] In the ninth embodiment the wavelength-tunable femtosecond soliton pulse generation apparatus of any of 
the second through fourth embodiments is modified such that a nonlinear amplifier such as a Raman optical amplifier 
is disposed at the output of the apparatus. In tills case, a short optical pulse can be amplified wtihout broadening the 
so pulse widtii. Uae of tills technique enables ampilflcation of a soliton pulse having a certain waveiengtii to an arbitrary 
level without broadening the pulse width. 

[0081] Although a femtosecond fiber laser is used as a short-optical-pulae source, needless to say, the present 
Invention can be applied to cases In which a picosecond fiber laser is used as a short-optical-puise source. When a 
picosecond fiber laser Is used, ttie following advantageous effects can be obtained. 
55 [0062] When an optical fiber is excited by picosecond pulses, ttie degree of shift in wavelength with change in input 
light Intensity Is smallerthanthat in the case of femtosecond pulses, which enables precise tuning of wavelength. Such 
precise tuning of the wavelength of optical pulses is useful in the case in which precise wavelength acQustment is 
needed In applications auch as spectroscopy and evaluation of devices for waveiengtii multiplex optical communica- 
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tions. 

[008^ Th8|»emtinv8ntlon;pfovicteth9fiDlk»^ 

(1) A compact liber taser capable of geneiattno femlDsecond pulses is used as a Dghit source; and a nonlinear 
elliBct of a polartasBtfon-mdntalning fiber is ulIllzed.TherBfbrB, wavelength can be varied Dnearly through a simple 
opeFBtion of changing the intensity of pump tight. Fuither, a oompad, portable source tor generating famtoseoond 
pulses can be obtained. 

(2) A compact fSber laser capable of generating staUe femtosecond pulses Is used as a light source; and a potar- 
Ization^tntalnlng optical fiber having a length of a few tens to a few hundreds of meters and a small core cross 
section is pmvldad In combirtation with a light Intensity regulation unit capable of changing light Intensity continu- 
ously. Therefore. It Is possible to obtain a portable optical pulse generator which can generate ideal femtosecond 
soliton pulses and which can vary the wavelength of the soliton pUlsas Onaariy witirtin a broed band, through a 
simple opeiBtlon of changing the light Intensity. 

(3) Ideal fenntoseoond soliton pulses can be generated atabiy. Further, the wavelength of the optical pulses can 
be varied linearly within a broad band, through a simple operation of changing the intensity of flght Input to the 
optical fiber, without necessity of addustment of the optical system as In the prior art techniques. IMoreover. since 
the overall apparatus is very sman, the appaFBtua is rendered portable Jn addition, the appara 

tenanoe free. 

[0084] Conoehmbly. the apparatiffi end method for generating wavelength-tunable short optical pulses of the present 
Invention can be applied to e measurement apparatus for measuring the frequency charaderistlca and wavelength 
dependency of optteai devices for wavelength multiplex communications. 

[OOeq Recently, with Increased emphasis on infonnation technology throughout society, an optical communication 
technique which can further increase the volume of transmission data has been demanded. In order to increase the 
volume of transmis^ data, techniques for increasing the speed of optical oommunicalions and multiplexing the wave- 
lengths of light to be transmitted have been studied and developed. Under such drcumstanoea, proper evaluation of 
characteristics of opUcai devices used In optical communication is Indispensable. Particularly, the Itequency charac- 
teristics and wavelength dependertdes of Ught-emitfing elements, optical modulatorB, and llght-recelvmg elements are 
fundamental characteristics which deteimlnethe characteristics of a system. However, due to an increase in operating 
speed and a broadened operation ttand. evaluation of characteristics has become difficult. 
[OOeq The present Invention enables evaluation of the wavelength dependency of an element over a wide band. 
Further, through measurentent of a time response upon Input of a fsmtosecond pulse, ttte frequency ctiaracteristlc of 
an element can be determinad. The Importenoe of these techniques increases considerably with further Increases in 
speed and bandwidth of wavelength multiplex oommunications. 

[0087] Moreover, the waveierqth-tunable short-opticat-pulse generation apparatia of the present invention is com- 
pact and stable and can vary the wavelength of generated soliton pulses by changing the Intensity of input light Due 
to these advantages, the present invention is considered to be widely used in relation to higlvepeed spectroscopy and 
a high-speed light response technique In the fields of photochemistry and biology, as well as in the fields of high-speed 
optoelectronics and nonlinear optica. 

[P08q The present Invention Is not limited to the abov&described embodiments. Numerous modifications and var- 
iations of tiie present Invention are possible In light of the spirit of the present invention, and tiiey are not exduded 
from the scope of the present invention. 

[008iq The present invention provides the following edvantageous eflisctB. 

(A) When the optical fiber is sufficiently tong and the Intensity of input light Is sufRdenUy high, a new optical pulse 
Is generated on the longer wavelength side with respect to the input pulse, due to stimulated Raman scattering. 
Due to soliton elTiBct, which is the interaction of self-phase modulation and wavelength dispersion, the new optical 
pulse gradually becomes an Ideal soDton pulse whose pulse and spectmm wavefomis assume a sed^ shape. As 
the soOton pulse propagates along the optical fiber, the center of the spectrum of the soliton pulse shifts toward 
the longer wavelength side, due to the Raman scattering effed (this eflbd is called soliton self fluency shift). 
Since the degree of frequency shift changes depending on the length of the optical fiber and the intensity of the 
input optical pulse, the degree of frequency shift can be adjusted through changing the length of the optical fiber 
and the intensity of the Input optical pulse. Particulariy, the degree of frequency shift can be changed iineariy 
through changing the intensity of the Input optical pulse. 

(B) A compad fiber laser capable of generating femtosecond pulses is used as a light source; and a nonlinear 
effed of a poiarization-mairTtaining fiber Is utilized. Therefore, wavelength can be varied Bnearly through a simple 
operation of changing the Irttenslty of pump light. Further, e compad, portable source for generating fiemtoseoond 
pulses can be obtained. 



EP1 li8904A1 



(C) ' A oompectfiber laser capable of oenerating stable femtosecond pulses Is used as a light source; and a polar- 
IzaUon-malnlaining optical fiber havino a length of afswians to a few hundreds of meters and a small core cross 
rsedion Is provided In oomUnatlon with a Ughl IntensH/ resulalton unit capable of changlno Ifght intensity continu- 
ously. TherBfore. N is passible to obtain a portable optical pulse generBlor which can generate Ideal femtosecond 
somon pulses and which can vary the wavelength of the soHton pulses flnearty within a broad band, through a 
simple operation of changing the light intensity. 

(D) Ideal fiamtoseoond soliton pulses can be generated stabiy. Further, the wavelength of the optical pulses can 
be varied linearly wtthtn a broad band, through a simple operatton of changing the Intensity of Dght input to the 
optical fiber, without necessity of adjustment of the optical system. Moreover, the entire apparatus can be made 
very small. In addition, the apparatus is nearly maintenance free. 

(E) The wavelength of femtoseoond soliton pulses can be varied within the range of 15^ to 1701 nm. Further, 
through optimization of the experimental system, the wavelength can be varied up to about 2000 nm. 

(F) When output light from the wsvelengttv4unable femtosecond soliton pulse generator is passed IhixMigh a non- 
linear crystal, short optical pulses of the second harmonic can be obtained. The wavelength of the abort optlcsl 
pulses can be varied linearly withh the range of 780 to 1000 nm tiy changing the wavelength of the generated 
sdHon Pluses within the range oTiSSO to 2000 nm. 

(Q) When an optical fiber la exdted by picosecond pulses according to the present invention! precise wavelength 
tuning becomes possible, because the degree of shift In wavelength with change In input fight Intensity is smaller 
than that in the case of femtosecond pulses. Such precise tuning of the wavetength of optical pulses Is useful in 
the cese in which precise wavelength e^stment is needed in applications such as spectroscopy and evaluatbn 
of devices for wavelength multiplex optical communications. 

(H) When, in addition to input pulses from a laser, laser light having a different wavelengtii is input to an optical 
fiber, due to four-wave mbdng in ttie optical fiber, a new optical pulse is generated on ttie shorter wavelengtii side 
end the longer wavelengtii side. Thet Is, the new opticel pulse is generated at e frequency equal to the difference 
betwmn tiie frequency of tiie soliton pulse end that of the laser light, as wall es at a ftequency equal to the sum 
of ttie fluency of ttie soliton pulse and Uiat of ttie laser llgM. Optical pulses can wittiln tiie range 
of, for example. 1230 to 1550 nm ttirough changing tiie wavelengffis of tiie soliton pulse and tiie pump laser l^ht. 
Furttier, use of anti-Stokes pulses generated on tiie shorter wavelengtii side enables generation of short optical 
pulses wKhin a wide range. 

(I) Soliton pulses generated wftiitn an optical fiber can be amplified by use of an optical-fiber Raman arnpIificaUon 
^fsct without broadening tiie pulse widtii. 

INDUSTKIAL APPUCABIUTY 

[0070] The apparatus and metiiod for generating wavelengtii-tunable short optical pu^ acconjlng to the present 
invention can be widely used in relation to high-speed spectroscopy and a highspeed light response technique in tiie 
fields of photochemistry and biology, as well as in tiie fields of high-speed optoelectronics and nonlinear optics. 



Clatma 

1. An apparatus for generating wavelengtii-tunable short opticel pulses, tiie apparstus characterized by comprising: 

(a) a short-oplical-puise source; 

(b) an optical characteristic regulation unit Ibr rsgulattng characteristics of Oght output from tiie short-optical- 
pulse souroe; and 

(c) an optical fiber for rscetving input pulses from the optical characteristic regulation unit and for changing 
tiie wavelength of output pulses llneariy. 

2. An apparatus for generating wavelengtii-tunable short optical pulses according to claim 1 , wherein the optical 
characteristic regulation unH Is a light bitsnsity regulation unit. 

3. An apparatus fbr generating wavelengtii-tunable short optical pulses according to claim 1 , vtfherein tiie short-op- 
tical-pulse source is a femtosecond fiber laser. 

4. An apparatus for generating wavelengtii-tunable short optical pulses aocoiding to daim 1 , wherein Vie shori*op- 
ticai-pulse source Is a picosecond fiber laser. 
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5. An apparatus for genarBtlng wavelengttvCunable short optical putses acoordlng to daim 1 , wharebi lha optical fibar 
to a pcriarizatiorwnainttf ning fibar. 

6. An apparatus for ganaretingwavBtansth-tunabIa short op^ 

nonHnaar crystal cormectad to the optical fiber In order to generate short optical pulses of a dtfTerent wavelength. 

7. An apparatus for generating wavaiength^unable short optical pulses according to daim 1 , further comprising 1bur> 
wave irixlng means for further converting the wavelength of generated optical pulses. 

a An apparatus for generating wavelengtii-tunable short optical pulses accondlng to daim 1, further comprising an 
optical ampBfiar for amplifying optical pulses generated by the optical fiber. 

9. An apparatus Ibr generating wavelength-tunable short optical pulses according to daim 1, wherein the output 
pulses ara Ideal aoQton pulses. 

10. An apparatus for generating wavelength-tunable short optical pulses according to daim 2, further comprising 
means for electrtcalty adjusting the light Intensity regulation unit in order to control the wavelmigth of generated 
optical pulses. 

11 . An epparatus for generating wavelength-tunable short optical pulses, the apparatus characterized by comprising: 

(a) a short-opQcal-pulse source; 

(b) a light Intensity ragulatfon unHtorregulaUngtiielntensttyGf light output fremtiie short-optical-pulse soun^^ 
and 

(c) an optical fiber for recehring input pulses from the 11^ Intensity regutofion unit and for changing the wave- 
lengtii of output pulses flnearfy, wherein 

(d) the short-opOcal-pulse source, tiie tight tntenstty regulation unit, and the optical fiber are assembled m the 
form of a portable appaiatua. 

12. An apparatus for generating wavalangtiMunabla short optical pulses according to daim 11, wherein the short- 
optical-pulse source Is a femtosecond fiber laser. 

13. An apparatus for generating wavelengti>4unabie short optical pulses according to claim 11, wherein the short- 
opflcal-pulse source Is a piooseoond fiber laser. 

14. A method for generating wavelength-tunat>ie tfiort optical pulses, the method characterized by comprising: regu- 
lating the Intensity of light Itom a short-opticai-puise source; and inputting short pulses into an optical fiber in order 
to generato output pulses having a llnearty varied wavelength. 

16. A method for generating wavelength-tunable short opflcai pulses according to daim 14, wherein the wavelengtii 
of generated output pulses is changed through a change in the lerigth of the optical fiber. 

16. Amethod for generating wavelength-tunable short optical putees according to claim 14, wherein the output pulses 
are passed through a nonlinear crystal in order to generate short optical pulses of a dlflferent wavelength. 

17. A mettiod for generating wavelength-tunable short optical pulses according to daim 14, wherein the wavelength 
of generated optical pulsas is fortiier converted by means of four-wave mbdng. 

18. A method for generating waveiengtivturmble short optical pulses according to clabn 14. wherein optical pulses 
generated by the optical fiber are amplified by use of an optical amplifier. 

19. A method for generating waveiength-tunabte short optical pulses aoconiingtodaim14,vifhereinld^ 
are generated as the output putses. 

20. A method for generating wavelength-tunabte short optical pubes according to daim 14. wherein ttm tight intensity 
regulation unit is adjusted electrically In order to central the wavelength of generated optical pulses. 

21 . A method fbr generating wavelength-tunable short optical pulses according to daim 14, wherein the pulse widtii, 
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specbBl width, and center wavelength of the eoSton pulses are varied through changing the wavetcrm and specbai 
width of the Input pulses. 

22. A maltiod for generating wavelength-lunable short ofMcal pulses aocording to ctaim 14, wherein the wavelength 
and epeetrum ofthe eoOton pulses are varied throt^h ctranglng the direction of polarization of the Input pulses. 

23. A method for generating wsvelength-tunable short opticsl pulses aooordlng to daim 14, wrhersin In addition to 
sdlton pulses generated on the longer wavelength side, anti-Stokes pulses are generated on the shorter wave- 
length side 88 the output pulses. 
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